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EFFECTOF OVERHEATINGONCREEP-RUPTURElTIOPERTIES

OFHS-31AILOYAT 1,XOO F

By

An investigation
1,800°,1,900°,and2,~0 F during-thecourseof rupt~etestsat 1,>06°F
wascarriedout. Theoverheatingwasappliedperiodicallyfor2 minutes
inmostofthetests.Theintentwasto developbasicinformationonthe
effectofoverheatson creep-rupturepropertiesinorderto assistinthe
evaluationofdmage frcmoverheatsduringgas-turbineoperation.

JohnP.RoweandJ.W. Freeman

SUMMARY

ofoverheatingKS-31alloyto temperaturesof1,650°,

Overheatingreducesrupturelifeboththroughalterationofthe
internalstructureofthealloyand,if stressispresentduringan over-
heat,by acceleratedcreepatthehighertemperature.Suchreductionin
rupturelifeimreaseswiththetemperatureanddurationof overheating.
Lossinrupturelifeby structuralalterationwasnegligibleat I,6xP F,

A but-twooverheatsto 2,000°F of2-minutedurationintheabsenceof
stressreducedlifeat l,~o F by about40percent.Apparently,the-6

.e totaldamage,if stressispresentduringoverheats,isthesumofthe
structuralchangeeffectfromtemperatureplusthepercentageofthe
totalrupturelifeat theoverheattemperaturerepresentedby thetime
attheoverheattemperatureunderstress.Becauseofthepronounced
increasein creepratewithtemperature,
stresscanuseup rupturelifeat a very
tivelylowstresscanintroducefarmore
changesinducedby theoverheating.

overheatinginthepresenceof
rapidrate. Thusevena rela-
damagethanthestructural

at l,~” F dueto temperature-
thecorrespondingreductionin
considerablysmallerona per-

WhilethereductionInrupturetime
inducedstructuralchangescanbe large,
stressforruptureina specifictimeis
centagebasis.Fromthisviewpoint,ma~orreductionsinrupturestrength
dueto overheatingariseonlywhensufficientstressispresentduring
an overheattouseup substantialamountsofrupturelifeby accelerated
creep.Thisindicatesthatintheabsenceof substantialcreepduring
overheatingothersourcesofdamge,suchas thermalshock,willusually
be theimportantcausesofdamage.

.

.
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INTRODUCTION

An investigationwascarriedoutto evaluatetheeffectsofbrief
overheatstotemperaturesof1,6500,l,&)OO,1,900°,and2,000°F onthe
creep-rupturepropertiesat 1,~0°F ofHS-31alloy(alsolmownas
X-40alloy).Theobjectiveoftheinvestigationwasto obtainbasic
informationonthechangesin creep-rupturepropertiesofthealloydue
to overheatingwhichmightoccurduringjet-engineoperation.

Theeffectsofoverheatingwereevaluatedintermsofthechanges
in creep-rupturecharacteristicsat l,~” F understresseswithinthe
rangeofrupturestrengthsoftheHS-31alloyforabout100to 700hours.
Thepossibledamagefromoverheatingwasconsideredto includeinternal
metalstructurechangesinducedby e~osureto thehighertemperatures
andlossinlifeby creepif stresswaspresentduringtheoverheats.
Temperaturedamagewasevaluatedby startingtestsat 1,500°F andthen
periodicallyoverheatingwiththestressremovedduringtheoverheat
periods.Stressdamageduringoverheatswas“evaluatedby leavingstress
onthespecimensduringtheoverheats.

Overheatperiodswerepredominately2 minutesindurationandwere
appLiedcyclicallyatapproximately5- or12-hourintervals.These
scheduleswereadoptedtoprovidethemostusefulgeneralresultsafter
considerationby theSubcommitteeonPower-PlantMaterialsofthe
NationalAdvisoryCommitteeforAeronauticsofthevariableconditions
underwhichoverheatingcouldoccurin jet-engineservice.It should
be clearlyrecognizedthattheintentwastodevelopgeneralprinciples
andnottoevaluatethespecificconditionsof overheatingwhichcan
occurina specificjetengine.Theinvestigationwasalsolimitedto
theeffectson creep-ruptureproperties.Theoverheatconditionsdid
notincludetheeffectsofdifferentialrestrainedexpansion(thermal
shock)orthepossibleeffectson suchotherpropertiesas fatigue
strengthandcorrosionresistance.

Thisinvestigationwascerriedoutby theEngineeringResearch
InstituteoftheUniversityofMichiganunderthesponsorshipandwith
thefinancialassistanceoftheNACA. Itwaspartofa generalresearch
investigationstudyingmetallurgicalfactorsinvolvedintheuseofheat-
resistantalloysinaircraftpropulsionsystems.

PROCEDURE

A

v’

Overheatingcanbe expectedtohavetwomaineffectsoncreep-rupture .
lifeat somelowernominaltemperature:

.
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(1)Changeof creep-rupturelifedueto the~os~e to a higher
temperaturechaagingtheinternalstructureofthemetal.
Thiseffectisdesignated“temperaturedamage”in subsequent
discussions.

(2)Accelerationof creepwhenthetemperatureis increasedh the
presenceof stress,subsequentlyreferredto as “stress
tige.”

Inaddition,thecyclicremovalandreapplicationofthestress
duringtheoverheatexperimentsintheabsenceof stresscouldalterthe
creep-rupturecharacteristics.Theinfluenceofoverheatscouldalsobe
expectedto varydependingonthestresslevelandrupturetimeat the
nominaltesttemperature.In considerationofthesefactors,thefol-
lowinggeneralexperimentalprogramwasestablished.

DeterminationofTemperatureDamageF&muOverheating

inAbsenceofStress

Thebasicmeasurementinthedeterminaticmoftemperaturedamage
fromoverheatingintheabsenceof stresswastheeffectonrupturetime
ofrepeatedcyclicoverheatsto 1,6500, l,&lO”, 1,900°,and~,OOO”F
untilruptureoccurred.Fortestsunder23,0~ psiat 1,~ F (rupture

4 in68ohours)theloadwasremovedandan overheatappliedtwicedaily.
Fortestsunder27,500psiat 1,500°F (rupturein% hours)theoverheats

z- wereappliedevery5 hours..fl

OverheatinginPresenceofStresstoEstablishStressDamage

.

,

Thedataon stressandrupt~etimespresentedlaterindicatethe
followingrupturetimesat theoverheattemperaturesunderthestresses
selected:

Normalrupture Rupturetime,hr,at overheat
Stress, timeat 1,500°F, temperature,OF,of -
psi hr I,650 1,800 1,goo 2,000

15,500 >10,000 170 5.5 0.5 aAtT
23,000 683 7.5 .31 ax ax
24,000 420 5.2 .24 a= ax
27,500 9+ 1.7 aAtT ax ax

A
%?,tensilestrength.

A .,



4 NACATN4083

Thesedatamakeitclearthatoverheatingto l,&Kl”F orhigherunder
stressesof23,000psiorgreaterwouldeitheruseupanexcessively

.

largeproportionoftheavailablelifeoractuallyresultinrupturedue
to thestressbeingat orabovethetensilestrength.Considerationof t
thisproblemresultedintheadoptionofa restrictedtestprogram
designedto determinewhetherthecombinationofthetemperaturedamage
withthepercentofavailablelifeusedup attheoverheattemperature
couldbe usedtopredictrupturetime.

Aftercompletionofa fewpreliminarytestsitwasdecidedto
restricttestingto 1,800°F andto completesufficientteststoestab-
lishtheextentofthescatterbandinherentinthecastspecimensused.
Inaddition,itwasdecidedtoadoptXO hobrsasthenominalrupture
timeat 1,500°F. Dataavailableatthatthe indicatedtherequired
stresstobe 24,0(xIpsi. Inorderto obtaina significantamountof
stressdamageitwasconsideredthatabout30percentoftheavailable
lifeat l,&)06F shouldbe usedupby theoverheating.Thestress
selectedforthispurposewasdeterminedinthefollowingwqr:

(a)Reducingtherupturelifeat 1,~0° F by 30percentduringthe
overheatswould,intheabsenceofanyothereffect,reducetherupture
tbe to 350hours.

(b)Withtheoverheatscheduleusedtherewouldbe
350hourswitha totaltimeatl,800°Fof78minutes.

(c)For58 minutesat 1,&)OOF tobe 30percentof
life,theoverheatstressselectedhadto causerupture

29 overheatsin

theavailable
in58/o.3or

193iinutes.Thedataindicatedthata stressof15,500psiwould
causerupturein193minutesandthisstresswasthereforeusedduring
theoverheats.

Subsequentmoreextensivetestingindicatedthattheaveragerup-
turetimeatl,mOOF under24,OOOpsiwas420hours.This,together
withthetemperature-cyclingdamageexpected,servedtoreducethenumiber
of overheatsactuallyobtainedtoa values-omewhatlessthanthatini-
tiallyexpected,witha correspondingdecreaseintheamountofdamage
obtainedduetothepresenceof stressduringtheoverheats.

-.
--
fi

Thecurvesof stressagainstrupturetimefortestsat constant
loadsandconstanttemperatureswereallestablishedbytheusualprac-
ticeofbringingthespecimento temperatureinthefurnace,adjusting
thetemperature,andthenloading.Thisinvolvedseveralhoursof

—

heatingpriorto loading.A fewtestswereruninwhichthetempera-
turewasattainedby resistanceheatingto seeifthisalteredtheshort-
time,high-temperaturerupturecharacteristics. -.

r
●

,. ,,
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MATEFmL

Thematerialforthisinvestigationwas
HaynesStell.iteCo.intheformof casttest
Thetestbarswereprecisioninvestmentcast
l-inch-gage-len@hspecimens.

.

suppliedgratisbythe
barsfrommasterheat1093.
as0.245-inch-diameterby

Thebarswerecastinto12moldsandseparatedbymoldnumiberfor
testing.Theanalysisofthisheatwasreportedtobe as follows:

Chemicalcomposition,
weightpercent

c Mn Si P s Cr Ni co w Fe

0.50 0.55 0.72 0.016 0.008 23.89 10.52 Balance7.50 1.25

Inadditionto thecarboncontentoftheheatreportedabove,thefol-
lowingcarboncontentswerereportedforeachmoid:

Mold Carbon,weight Mold Carbon,weight
percent percent

1 O.y 7 0.51
2 .51 8 .51

.49 9 ●53
z .53 10 .52

.52 11 .52
z .48 I-2 ●53

Thespecimensweretestedas castandexhibitedthefollowing
averagerupturestren@hsin comparisonwithpublishedvaluesforthe
alloy:

Timeforrupture, Averagestrengthforexperimentalmaterial,Rangeof strengthsreportedhr foralloy(ref.1),psipsi

100 27,300 20,500to 36,000
1,m 22,200 11,~ tO 26,000

.

.
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ExPER~ TECHNIQUES

TestingEquipment t

Thecreep-rupturetestingwascsrriedoutinconventionalbesm-
loadedcreep-ruptureunits.Eachssmplewasaccuratelymeasuredbefore
testing.Time-elongationdataweretakenduringthetestsby a method
inwhichmovementofthebeamwasrelatedto theextensionofthespeci-
men. Thesensitivityofthismethodis+0.0003inch.Theunitswere
equippedwithautomaticallycontrolledresistancefurnaces.Temperature
variationsalongthegagelengthwereheldto*3° F. Forallteststhe
furnaceswereturnedonandallowedto cometotemperatureovernight.
Thespecimenswerethenplacedinthehotfurnace,broughtontempera-
ture,andloadedwithina maximumof4 hours.

Foroverheattests,theconventionalunitsweremodifiedtopermit
resistanceheatingofthespecimensby passingheavydirectcurrent
throughthesample.A 400-ampere,direct-currentgeneratorwasusedas
a powersupply.Inorderto avoiddisturbi~thespecimenduringthe -
test,insulatedterminalblockswerefastenedto theframeoftheunit
levelwiththetopandbottomofthefurnace.Fromtheseterminals,
shortleadswerefastenedtothetopandbottomspecimenholdersbefore
thetestwasstarted.Then,foroverheating,itwasnecessaryto attach
thepowersupplyleadsto onlytheterminalblocks,completingthecir-
cuittothegeneratorfieldswitch.Thetopspecimenholderwasinsu- A“
latedfromthefrsmebymeansofa Transiteinsert.Thewholecircuit
was~oundedeitherthroughthebeamorthroughanattachedgroundwire. *
A photographofa..unitisshownas figurel.: *

Inordertofollowthetemperatureaccuratelyduringan overheat,
a weldingtechnique(ref.2)wasemployedusingChromel-Alumelthermo-
couplesandanelectronicindicatingpotentiometer.A schematicsketch
ofthisarrangementisshownas figure2. Temperaturemeasurementwas
complicatedby twofactors.In orderto followtherapidlychanging
temperaturesduringan overheatcycleandeffectaccuratecontrol,the
thermocouplewireshadtobeweldedtothesample.Thiswasdonewith
a percussion-typewelder.Theweldedattachmentmaintainedthethermo-
couplebeadincontactwiththespecimenasreductionincrosssection
occurredby creepduringthetests.Inweldingthethermocouplewires
onthespecimen,however,anyminuteerrorinpositioningeitherwire
causedthedirectcurrentfromthegeneratorto impressan electromotive
forceonthethermocouplecircuit.Thiselectromotiveforcevariedwith
themagnitudeoftheplacementerrorandappearedonthetemperature
indicatorasa temperatureeffect.To avoidthis,twoAlumelwireswere
employed,onedeliberatelyplacedoneithersideofthesingleChromel
wire. By connectingthesetwoAlumelwirestotheextremesofa vari~ble

.

.
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.

resistance,thevariabletapcouldbe adjustedsothatthetwoelectro-
motiveforcesobtainedcancel-ledeachother,leavingonlythethermal
electromotiveforceimpressedontheindicator.

Checksweremadeoftheoriginalcalibrationandthemaintenanceof
calibrationofthethermocouples.Thesystemusedgaveaccuratetempera-
turemeasurementsas installed.Thecyclicoverheatsdidnotchangethe
calibrationby anymorethan1°F atanyofthetemperatures.

OverheatingProcedure

Thisinvestigationincludedthreetypesof overheats:Overheats
beforetesting,overheatsintheabsenceof stress,andoverheatsinthe
presenceof stress.Eachtyperequireda differentprocedureinvolving
theequipmentdescribedabove.

Overheatsbeforetestirig.-Overheatingbeforetestingwasdonein
twowaysdependingonthedurationandtemperatureofoverheating.The
proceduresusedwereas follows:

(1)Testsoverheatedto 1,600°F forlongtimeperialswereloaded
inthecreepfurnaceexactlyas fora creep-rupturetest.Afterbeing
broughtontemperatureat l,~” F, thefurnacetemperaturewasraised
rapidlyto l,&lOOF, heldforthedesiredtimeperiod,andthencooled
to 1,~0°F. Theloadwasthenappliedandthetestrunto rupture.

(2)Ssmplesoverheatedto 1,600°F forshorttimeperidsandall
samplesoverheatedto l,80Q0,1,900°,and2,CX30°F beforetestingwere
preparedinthefollowingmanner.A thermocouplewasattachedto each
ssmple.A heat-treatingfurnacewasbroughtontemperatureandheldto
assureequilibrium.Thesampleswerethenplacedinthefurnaceand
thetimecountedfromthepointatwhichthetemperatureindicatidby
theattachedthermocouplereached10°F belowthedesiredtemperature.
Followingcompletionoftherequiredtimeattemperature,thespecimens
wereremovedtiomthefurnaceandair-cooled.Theywerethensetup
andthetestrunasa standardcreep-rupturetest.

Overheatsinabsenceof stress.-A1l.overheatingdoneintheabsence
of stresswasofa cyclicnaturewherethedescribedcyclewasrepeated
a predeterminednuniberoftimes.Fortheseteststhespecimenswere
preparedwitha thermocoupleweldedat thecenteras describedpreviously
andsn additionalthermocouplemechanicallyattachedat eachendofthe
reducedsectionforchecksontemperaturedistributionalongthegage
length.Theywereplacedinthecreepfurnaceandstartedexactlyas
ina normalcreep-rupturetestexceptthattheshortpowerleadswere
attachedto thespecimenholdersbeforestressing.Then,afterthe
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completionofthedesiredtimeperiodbeforethefirstoverheat,the
followingprocedurewasfollowedinperformingan overheat:

(1)Thetemperaturewascheckedandanelongationreadingwasmade.
At thistime,thepowerleadsfromthegeneratorwereattachedto the
unitandtheweldedthermocouplewasconnectedtotheindicating
potentiometer.

(2)Theloadwasremoved.

(3) Art= a 60-secondtime lapseduringwhichthefurnaceinputwas
cutbackandthethermocouplecircuitchecked,theheatingcyclewas
initiatedby applyingthemaximumgenerator--outputofMO amperestothe
specimen.Whenthedesiredoverheattemperaturewasattained,thegener-
atoroutputwasreducedto a valuejustsufficienttomaintaintemperature.

(4)At theendoftheestablishedcycleduration,thepowersupply
wascutoffandthespecimenallowedto cool.No forcedcoolingwas
employedotherthanthatsuppliedby havingallowedthefurnacetempera-
tureto fallbelowl,nO° Fwhen theinputwasreducedinstep(3).

(5)Theloadwasreap@iedwhenthetemperaturereached1,510°F.
Becauseoftheasymptoticapproachofthespecimentemperatureto 1,500°F,
itwasdifficultto establishthistemperatureatanyconstanttime. Kl!he
timetoreach1,510°Fwas nearlyconstant.Thefurnaceinputwasthen
manipulatedtobringthetemperatureonat1,~0°F as soonaspossible.

A

(6) Whentemperatureequilibriumwasreestablishedat 1,~“ F, +
elongationmeasurementsweretakenagainandthetestcontinuedtothe
nextcycle.Inplottingthetime-elongationdata,thisreadingafter
reapplicationoftheloadwasassumedtobe atthesametotaldeforma-
tionasthereadingtakenjustpriortoremovaloftheloadatthe
beginningofthecycle.

(7) ~ical time-temeratwe Changesfor overheatsof2 minutesto
eachofthetemperaturesusedareshowninfigure3.

Overheatsinpresenceof stress.-Witha fewexceptionsintechnique,
testsofspecimensoverheatedinthepresenceof stresswereperformed
exactlyasweretheoneswherestresswasabsentduringoverheats.The
maindifferencewastheomissionofthestepsinvolvingremovaland
reapplicationoftheload.Deformationmeasurementsweremadebefore
eachcycleandagainafterequilibriumwasreestablishedat1,500° F to
measurethedeformationwhichoccurredduringeachoverheatcycle.
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RIWJLTSANDDISCUSSION
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Metallurgicalstudies

As anaidinevaluatingthecauseoftheobsenedeffectsof over-
heating,microstructuralexaminationofthetestsampleswasused. Longi-
tudinalsectionsofthefracturedsqles werecutfromthegagelength
at thefracture.Theseweremountedad mechanicallypolishedafter
grindingthecutsurfacestoremoveanycold-workleftby thecutoff
operation.Thepolishedsurfacewasthenetchedelectro~icallyand
examinedatmagnificationsof100and~ dismeters.

Thetestresultsindicatea definitereductioninthel,xOOF
rupturelifeofHS-31alloydueto overheattemperatureeffects,as
wellas lossinlifedueto th&presenceof stressduringoverheating.

RupturePropertiesofTestMaterial

Theprimaryevaluationof overheateffectshadtobe basedon
changesinrupturetimeasa resultofoverheating.Thebasicrupture-
timedatafortestswithoutoverheatsaregivenintableI andshownas
curvesof stressagainstrupturetimeby figures4 and5. Thesetests
wererunto establishtherupturetinesunderthevariousstressesand
temperaturesusedintheinvestigation.

Becauseofthescatterinresultsfromduplicatetestsexhibited
by thecastsamplesused,anattemptwasmadeto determinethemagnitude
ofthisv=iationby runningseveraltestsat eachstressto establish
an approximatescatterband. Thedatafiomtestsat l,~” andl,~” F
areplottedas figure5 andtheestimatedbandsindicated.Theranges
inrupturetimesat l,~” F forthethreestressesusedarealsoshown.

Fortestsinwhichallstresswasremovedduringtheoverheatcycle,
theoriginalintentwasto usestressesat l,~” F whichwouldnormally,
causerupturein1~ and1,000hours.Thestressesactuallyusedwere
selectedbeforethescatterwasccmrpletelyestablished,hencetheaver-
agerupturetimes

in
in
at

Overheatsto
theabsenceof
680hours)and
l,5(X1°F. The

arenotexactly

Overheatingin

1,6500, l,&uO,

as intended.

AbsenceofStress

1,9000,and2,000°F wereconducted
stress~ Stresses-ofboth23,000(stressforrupture
27,500psi(stressforrupt~e.in~ hours)wereused
loadwasremovedandthespecimensoverheatedfor
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2 minutes,cooledbackto 1,700°F, andreloadedevery12hoursforthe
testsunder23,000psi. Forthe27,700-psitests,theoverheatswere
appliedevery5 hours.Testswerealsocarriedoutformaterialover-
heatedbeforetesting.Loadcyclingwithouttemperaturechangeat 1,500°F
wasalsostudiedto learnhowmucheffecttheperiodicremovalandreappli-
cationoftheloadhadonrupturetime.

Inadditiontothechangesinrupturetimedueto overheating,infor-
mationwasobtainedonItseffectonelongationintherupturetestsand
on creepcharacteristics.

Effectonrupturelifeatl,~” F ofoverheatinginabsenceof
stress.-Thedataforoverheatingintheabsenceof stressaregiven
intable11andplottedinfigures6 to 8. Thedatashowthatwhenthe
stressisperiodicallyremovedfromHS-31alloyduringa rupturetestat
1,500°F andthespecimenheatedbrieflyto a highertemperature,cooled
backto 1,700°F, andrestressed,thereisa reductioninrupturelife
at 1,500°F in comparisonwiththatobtainedintheusualtestat con-
stantloadandconstanttemperature.Theextentbywhichrupturelife
wasreducedwasa functionoftheconditionsunderwhichtheoverheating
occurred:

(1)Forspecimensoverheatedperiodicallythroughouttheirlife
(fig.6)thedegreeofreductionin lifeincreasedwiththetemperature
ofoverheating.Overheatingto 1,650°F hadlittleeffectontherupture
time,butastemperaturewasincreasedtheeffectbecanemuchmorepro-
nounced.Therewasalsoanapparentincreaseintheslopeofthecurve
of stressagainstrupturetimeas overheatingtemperaturewasincreased.

Themostrealisticwayto considerthesedataisthroughtheeffect
of increasingtheoverheattemperatureonthestressforrupturein100
and1,000hours.Continuouscyclingto failureusingtineschedulesout-
lined-abovegivesthefollowingval~es:

I I
Overheat Stressforrupture,psi,

temperature, at 1,5000F in -

?? 100hr 1,000h

None 27,300 22,200
1,650 26,800 21,500
1,800 26,000 19,100
1,900 24,800 18,600
2,000 23,600 17,000

.3

r

—
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. Thesefiguresrepresenttheeffectof continuedoverheatinguntilr-up.
ture,themaximumeffectobserved.“It shouldalsobe recognizedthat
thefixedoverheatingschedulesusedinthisinvestigationlimitedthe

Y numberofoverheatswhichcouldbe appliedina giventimeperiod.
Undoubtedly,thefrequencyofoverheatingwouldaffecttheresultsshown
above.Also,lesseramountsofoverheatingwouldhavereducedlifeless.

(2)Foreverytemperatureofoverheatingtheamountofreductionin
lifeincreasedas thetemperatureandnumberof overheatsappliedbecame
greater.Theintermediatepointsonfigures7 and8 representtestsin
whichoverheatingwasstoppedattheindicatedaccumulatedoverheattime
andthetestsallowedto continuetoruptureat constantloadandtempera-
turewithoutinterruption.Thetestconditionsforthisgeneralityshould
be keptinmindsincethescheduleofoverheatinginrelationto thetest
durationmayinfluencetheresults.Thetestsonwhichthisgenerality
wasbasedwerethosewherethematerialswereoverheatedwiththe5- or
12-hourcyclesbeginningatthestartofthetest.

(3) For w Onetemperatureof overheating,thepercentageofdEUU-
agefora givenamountofoverheatingappearedto varydependingonthe
stressusedat l,5~”F betweenoverheats.Up to l,900°F(figs.7(a),
7(b),and7(c)),overheatingappearedto reducelifea largerpercentage
intestsrunat27,5(KIpsi. At 2,000°F (fig.7(d))thistrendreversed,
withthetestsat 23,000psishowinggreaterpercentagedamage.The
limitednatureofthedataandthescatterexistentinthesamplesmakes,a. possibleonlya qualitativeevaluationofthiseffect.

(4)Theeffectonrupturetimeforthefirstfewoverheatsisnot.
wellestablished.Therupturelifewasreducedmorefora givensmall
amountof overheatingas theteprperaturewasraisedto 1,900°and2,000°F.
Foroverheatingto 1,650°and1,800°F therewasanapparentincreasein
rupturetimefora fewoverheats.Thiseffectwasnotgreatandcould
easilyresultfrmnnormalspecimenvariability.Twooverheatsof2-minute
durationreducedtherupturetimeat l,~” F and23,000-psistressas
follows:

Overheat I Rupturetimeat
temperature,OF 1,500°F, hr I

None a6&)
1,650 760
1,800 750
1,goo 645
2,000 340

aNormalrupturetest.
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(5) Onetesteachwasrunat1,&X3°and1,9000F inwhichapproxi- .-
mately150hourswereallowedtoelapseat 23,CKKlpsiand1,500°F before
thefirstoverheat.Two-minuteoverheatswerethenappliedusingthe
12-hourcycleto a totaloffouroverheatsat 1,800°F sadfiveover- ?
heatsat 1,900°F. Followingthelastcycle,thetestswereallowedto
proceedto ruptureat constantloadandtemperature.Bothofthesetests
showedgreaterdamage(figs.7(b)and7(c))thantestsreceivingthesame
numberofoverheatsatthestartofthetest.

(6) Thedataobtainedonmaterialpreheatedtotheoverheattempera-
tureandthenrupture-testedina normalfashionarepresentedintable111
andareplottedforcomparisoninfigure8 withthedatafromcyclicover-
heats.Ingeneral,theresponsetopreheatingwasveryerraticanddiffi-
cultto interpret.Allbutfourofthetestsshowedsomereductionin
lifeasa resultofpreheating.Ofthefourwhichshowedan increasein
life,onewaspreheatedfor5 minutesto2,000°F andgavea rupturetime
118percentofno- at23,000psi. Twosampleswerepreheatedto
l,~O”F for20minutesandthentestedat27,500psiandat23,000psi.
Thesampletestedat27,500rupturedin190hourswhichwas203percent
ofnormalwhilethattestedat23,000fracturedin355hours,or 52per-
centofnormal.Theredoesnotseemtobe anyapparentwayto account
forthisdifferenceotherthanspecimenvariation.Twootherswerepre-
heatedto 1,600°F for& hoursbeforetesting.Theybrokeat110and
121percentoftheaveragenormalrupturetime.Thismayindicatesome
improvementinlifefromagingata relativelylowtemperaturepriorto
testingalthoughneithertestdifferedsignificantlyfromtheactual
averagetimewhencomparedwithnormalscatter.

Theresultsoftheremainderofthetestsfallinfigure8 ina
rathererraticway. Whilelongerpreheattimesgeneral~resultedin
shorterrupturetimes,theeffectoftemperatureIsnotreadilyevaluated.
Forexample,preheatingto 2,000°F didnotappearto causeanymoredam-
agethanpreheatingto 1,900°F forthesametime,whileoneofthepre-
heatsto1,8000F indicatedmoredamagethanpreheatsto eitherl,~”
or2,0000 F forthesamethe.

Onthewhole,thedataforpreheatingarenotinsufficientquantity
to definetheactualeffects.Theydo,however,showthatpreheating
didnotprovidea measureofthedamagewhichwasinducedby repeated
cyclicheatingtoanyofthetexqperaturesconsidered.

(7) In all or the abovetests the load wascycled as well as the
temperature,introducingthepossibilitythatthecyclingof stress
alonecouldhavehadan effectonrupturetime:’Twotestsat23,000psi
wereruninwhichtheloadwascycledat constanttemperaturewiththe
samefrequencyastheoverheatcyclesatthisstress.Theresultsof
thesetests(table11)indicatenomeasurableeffectonKS-31alloyof
cyclicallyremovingtheloadalone.

,

.
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. Theapparentconsistentdecrease
temperatureandamountofoverheating
temperaturedamagefromoverheating.

13

inrupturetimewithincreased
iridicatesthatthereisa real
Thisisconsideredsimificant

1 eventhoughtheoverallscatterin-thenormalrupturedata~fig.~)
encompassedtherupturetimesoftheoverheatedspecimens.

Effectonelongationof overheatinginabsenceofstress.-Measure-
mentsoftotalelongationat fractureareincludedintherespective
tablesforeachtyyeof overheating.Figures9(a)and9(b)s~owthese.
dataforcyclicoverheatingintheabsenceof stressandforpreheating
fortestsat23,000and27,~0psi,respectively,comparedwiththe
rangeofvaluesobtainedfromnormalrupturetestsat eachstress.The
followinggeneralitiesareindicated:

fh-onl
(1) Thetestsof
~,650° to 2,000°

specimenscyclicallyoverheatedtotemperatures
F exhibitedthefollowingtrends:

(a)Forall
thehighsideof
rupturetestsat

temperaturesof overheating,elongationwas on

orabovethebandofvaluesobtainedfromnormal
eitherstress.

(b)As theamountofaccumulatedoverheattimeat 1,800°or
1,900°F increasedfortestsunder23,000psi,therewasan increase
inelongation.Overheatingto 2,000°F atthisstressresultedin
nearlythesameelongationforallvaluesofaccuml.atedtime.

(c)Fortestsat 27,XO psi,no definitetrendwaswellestab.
lished.Onlytwotestswererunat eachtemperaturegivinginsuffi-
cientdataonwhichtobaseanyexactconclusions.

(2)Forthetestsonmaterialpreheatedtotheoverheattemperatures
andthentestedat l,w” F, an increaseinelongationappearedtoresult.
Theonlyexceptiontothisgeneralitywerethetwotestspreheatedfor
20minutesto1,800°F. Thisconditionresultedinabnormallylowelon-
gationatbothtestingstresses.Longerpreheatingto 1,830°F again
resultedinan elongationabovethatfornormalrupturetestsat
23,000PSi.

Effecton creepcurvesof overheatinginabsenceof stress.-Creep
dataweretakenforalltests.Thetime-elongationplotsofthesedata
arepresentedinfigures10to 12. Infigure10 fortheoverheatcurves,
everypointplottedrepresentsan overheat.~ figures11and1.2the
pointsnotedinthekeyas overheatsrepresentthemeasurementstaken
beforeandafteroneoverheatcycle.Pointsnotedas standardcreep
readingsareroutinemeasurementstakenafteroverheatingwasdiscon-

. tinuedorbeforeoverheatingwasbegun.Fromconsiderationofthese
figures,thefollowinggeneralitiescanbe made:

.
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(1)Forcyclicoverheatingcontinuouslyto failurefromthe
beginningofthetest(fig.10),creepwasaccelerated,withthedegree
ofaccelerationincreasingastheoverheattemperatureincreasedfrom
1,650°to 2,w00F. Thisgeneralitywasinfluencedby stresslevelin
thefollowingway:

(a)A normalcreep-rupturetestat23,000psi(fig.10(a))
showeda periodoffairlyhighinitialcreepratewhichcontinued
toabout2-percentdeformationandthengraduallyleveledoffso
thatby 300hoursthecreepratewasrelativelylow. Thetest
shownonwhichtheloadwascycledevery12hourswithtemperature
heldconstantatl,~” F exhibiteda shorterperiodoffirst-stage
creepwhichgraduallyleveledoffintoa highersecond-stagecreep
ratethanthatfora normalcreep-rupturetest.Thecreepcurvesfor
overheatedsamplesdeviatedprogressivelyfromtheload-cyclecurve
as overheattemperaturewasincreased,indicatingthatloadcycling
mayhavehadan effectontheshapeofthecreepcurvealthoughrup-
turethe wasnotaffected.

Thecurvesforsamplesoverheatedto I,6500and1,800°F show
verylittleifanysecond-stagecreepwiththecreepcurveshowinga
definiteinflectionpointfromfirst-stagedirectlytothird-stage
creep.Overheatingto failureat1,900°or2,000°F resultedin
essentiallyidenticalcurveswhichshowedverylittledecreasein
creepbelotitheinitialhighfirst-stagerate. P

(b)Foroverheatingunder27,500psi(f’ig.10(b)),thecurves
beginto separatealmostimmediatelyafterthefirstoverheatcycle.
Althoughnoload-cycletestwasconductedatthisstressthehigher
creeprateintheearlyportionofthestandardcreepcurvesuggests
that,aswasthecasefortestingunder23,000psi,loadcycling
mighthaveresultedin somewhatlowercreepwiththeoverheatcurves
deviatingprogressivelyfromthisbaseline.Thecreepcurvesat
alltemperaturesshowedbothfirst-andthird-stagecreepwithvery
little,ifany,secondarycreep.

(2)Considerationofthecreepcurvesforlimitedoverheatingfrom
thestartofthetest(fig.11)leadstothefollowinggeneralities:

(a)Fortestsrunat23,000psi(figs.n(a), n(c),U.(e),
andn(g))thecreepprogresseduntiloverheatingwasdiscontinued
as itdidforthetestwhichwasoverheatedto failure.Afterover-
heatswerestopped,thecreepratedecreasedineverycasetoa
valuebetweenthatforno overheatsandthatforoverheatingto
failure.Whereonlyveryfewcycleswereappliedthecreeprate
wasclosetothatforno overheatsanddeviatedprogressivelyas
moreoverheatingwasappliedatmy ofthefourtemperatures.

.
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(b)Fortestsat 27,500psi,limitedoverheatingproducedthe
creepcurvesshowninfiguresn(b), n(d), n(f), andU.(h).In
general,thecreepratedecreasedwhenoverheatingwasdiscontinued
earlyinthetestlife. If,however,theoverheatswerecontinued
fora sufficienttime,thecreeprateremainedessentiallyunchanged
afteroverheatingwasstopped.Thiscriticaltimeappesredtobe
thatatwhichtotaldeforutionequalledtheelongationofa standard
creep-rupturetestwhichhadreachedsecond-stagecreep.

(3)DelWingthefirstcycleofa limitednumberofoverheatsappears
to resultingreaterreductionofcreepresistancethandoesthesamenum-
berof overheatsat thebeginningofa test(figs.U.(c)andn(e)). The
twotestscompletedat 23,~ psiundersuchconditionsindicatethefol-
lowingsequenceofevents:

(a)Creepproceededto thepointoftheinitialcycleas indi-
catedby normalconstant-temperaturetests.

(b)Duringtheoverheating,thecreeprateacceleratedto
approximatelythesamerateas ina continuouslyoverheatedtest
atthesametotaldeformation.

(c)Afterstoppingtheoverheats,thecreepratedecreased
belowthatforcontinuousoverheathgbutappearedtoremainhigher

.* thanthatofa testwhichreceivedapproximatelythesameamountof
overheatingfromthebeginningofthetest.

Itappearsthatdelayof thefirstcyclebeyondthebeginningof
second-stagecreeppreventstherecurrenceofa periodofdecreasing
creeprateafteroverheatingis stoppedandresultsina highercreep
ratethanoverheatingthesamesmountatthestartofthetest. It
shouldbe keptinmind,however,thatthegreaterdamagefromdelayed
overheatingreflectedby thefewtestscompletedinthisinvestigation
isalsoa resultoftheextentofthedelayofthefirstcycle.Delayed
overheatscanonlyaffectthatfractionoftherupturelifewhichisleft
whenoverheatingis initiated.Ifmostofthelifehasbeenusedupby
creepbeforestartingtheoverheatcycles,theresultantdamagecouldnot
be sosevereasan equivalentamountofoverheatingeitheratthestart
oftestingoresrlierinthelifeofthetest.

(4)Heatingto theoverheattemperaturesbeforestartingthetests
hadthesamerelativeeffectaswasnotedinthetestsfortherupture
timesundertheseconditions.Figures12(a)and12(b)showthecreep
curvesforthesetestsat23,000and27,500psi,respectively,andindi-
catethefollowingresults:

.

(a)At 23,CXMpsibothtestspreheatedto 1,600°F showed
shorterperiodsoffirst-stagecreepthandida standard

.
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creep-rupturetestalthoughtheirultimateconstantcreepratewas .
essenti.all.ythesame.Mostoftheothertestsshowedlargerdefor-
mationsduringprimarycreepthanthatofa normalcreep-rupture
testandresultedincurveswhichwereessentiallysimilar.Two F
exceptionsto thisgeneralityexistwhichmaybe dueinpartto
scatterinthedata.Thessmplewhichwaspreheatedfor5 minutes
to 2,000°F showeda lowersecond-stagecreepratethananyofthe
othersamplesoverheatedtol,~” F orabove.Thetestonmaterial
preheated40minutesat1,800°F, ontheotherhand,showeda very
highcreepratethroughoutitslifewithpracticallyno secondary
creepatall.

(b)Twosamplesweretestedat27,~0 psiafterpreheating
(fig.12(b)). Thesamplepreheated40minutesat l,&)OOF was
tdeatedidenticalitywiththeonetestedat23,000psidescribed
above.Inthiscase,however,theresultingcreepratewascon-
siderablybelowthatfora normalcreep-rupturetestthroughout.
Thereisnotanyapparentreasonforthiswidediscrepancyin
behavior.Thesamplepreheatedto 1,900°F showeda substantial
increaseincreeprateoverthatofthenormalcreeptest.

Effectontimetoreacha giventotaldeformationofoverheati~
inabsenceof stress.-Figure13 showsthetimetoreacha givenamount
oftotaldeformationasa functionoftheoverheattemperaturefortests
whichwerecycledintheabsenceof stresseveryM hoursuntilfracture .
occurredat
curveswere
fromfigure

(1) up
onthetime

1,500° 1?and23,000psi. Thecreepcurvesfromwhichthese
takenareinfigure10(a).Thefollowingpointsmsybe noted
13: —.

to l-percentdeformation,overheatinghadlittleorno effect
requiredto obtainthedeformation.For2-percentdeforma-

tionormorethetimerequiredtoreachanyvalueofdeformationwas
reducedastheoverheattemperature.increased.Therewas,however,little
differenceinthetimerequiredtoreachanyvalueofdeformationbetween
l,$XIOOand2,0000F.

(2)Thecurvefora totaldeformationof 6 percentendthatrepre-
sentingthetimeforrupturearequiteclosetogetherovertheentire
rangeoftemperatureandactuallymergeataroundI,6~oF. Thisreflects
thefactthatthetotalattainabledeformationincreasedwithincreasing
overheattemperature.Thatis,ruptureoccurredat 1,~0°F inthetest
withloadcyclingonlybefore6-percenttotaldeformationhadbeenreached
onthecreepcurve,whileoverheatingto l,~” F permitted6-percent
deformationnearly100hoursbeforeruptureoccurred.

Figure14 showstheeffectofincreasingamountsofoverheatingon .
thetimerequiredtoreacha giventotaldeformation.Thesecurvesshow
Borlimitedoverheating,beginningatthestartofthetest,thatasthe

.
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. numberofoverheatsis
1 percentisreduced.
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increasedt4etimetoreachdeformationsabove
Them.ximunreductioninthistime,underthe

fixedoverheatingscheduleempl~ed,wasreachedwhenoverheatingwas
. continueduntilthetotaldeformationof interestwasreached.As a

resultofthisfixedschedule,themaximumchangeinthetimerequired
toreacha givendeformationwasfixedby thenumiberof overheatsthat
waspossiblebeforethisdeformationwasattained.As theamountof
deformationconsideredincreased,therewastimeformoreoverheatsand,
therefore,opportunityfora moreseveredecreaseinthetimerequired
toreachthisdeformation.Thestraightlinesketchedinoneachplot
atwhichthecurvesterminateIsthusmerelya plotofthemaxinmmnum-
berofoverheatswhichcouldbe accumulatedat an’vtimeunderthe
schedulewhichwasused.

Thefollowingadditionalpoints
structionoffigures13end14:

(1)Dataforthesefigureswere

.

shouldbe notedregardingthecon.

takenfromthecreepcurvesof
figuresI-1(a),El(c),n(e), andn(g) andthusarespecificallyindic-
ativeonlyofresultsobtainedWing thecyclesemployedforthese
tests,thatis,oneoverheatevery12hoursfromthestartofthetest
intheabsenceof stress,withthestressat l,~OoFbeing23,000psi.

.8

(2)Formanyconditionsdatawerenotavailable.Inthesecases,
thebestcurvepossiblewassketchedthroughtheexistingpoints,guided
by itsrelationto theotherexistingcurvesaroundit.

OverheatinginPresenceofStress

Thepurposeoftheportionoftheoverall.programdevotedto over-
heatinginthepresenceof stresswastodeterminethewayinwhichthe
effectof stresscouibineswiththetemperatureeffectsas discussedin
theprecedingsectiontoproducea givenfinaltestresult.Thedata
fromthesetestsaregivenas tableIV. Creepcurvesforthetestsare
showninfigure15.

Theamountoftestingwhereoverheatswereconductedinthepresence
of stresswasratherlimitedandincludedtemperaturesup to only
1,800°F. Thegeneralapproachwasto determineifthecalculated
amountofrupturelifeusedupby creepat theoverheattemperatureplus
thelossby temperaturedamagewouldaccountfortheobserv~rupture
thes. Proofordisproofofthispossibilityby a fewtestconditions
withsomeduplicatetestsrunto checkonvariabili~betweensamples
wasthoughttobe thebestwayto developgeneralprinciplesfromthe
relativelyfewtestspossiblewithinthelimitationsoftheprogram.
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Principleofcalculation.-Inanalyzingthedataobtainedfromthese .
tests,thefollowinggeneralformlawaspostulatedandapplied:

to=~-(dt+ds) .

where

to timeforruptureinoverheattest

t* normalthe forruptureunderstressusedat l,nOOF

% reductioninrupturetimeresultingfromtemperaturedamage
during

d~ computed
stress

Thesefactorswere

overheats

reductioninrupturetimeresultingfrompresenceof
at overheattemperature‘“

evaluatedinthefollo~ wqy:

(1)Thelifelostdueto temperaturecycling~ wasestimated
fromthemeasuredeffectsofcyclicoverheatingintheabsenceof stress
accumulatedintheprevioussection.Sincea cycleofoverheatingtwice
a daywasadoptedforthesetests,thedataforoverheatingintheabsence
of stresstwicea daywereusedforthisestimtion.Theactualstress
usedat 1,500° F waseitheratthesamelevelasthatemployedinthe m

absenceof stress(23,0(XIpsi)or slightlyhigher(24,ooopsi)in order
toreducethetestingtimerequired. .

(2)Thepercentoflifeusedup understressattheoverheattempera-- ~ =
ture ds wascalculatedby dividingthetotaltimeunderstressatthe
overheattemperatureby thenormalrupture
overheattemperature.Thistotaltimewas
berof2-minuteoverheatsapplied.

Theresultsofthesecalculationsfor

timeunderthestressat the
obtainedby summingthenum-

alltestsconductedaresum-
marizedintableV andccaparedwiththeactualrupturetimesobtained.

Effectonrupturetimeof overheatinginpresenceofstress.-Com-
parisonoftheactualandcalculatedrupturetime=intableV shows
rupturetimestobewithinthepredictedrangeofvaluesforalltests
conducted.Inno case,however,didtheactualrupturetimecorrespond
to thecalculatedaveragestrengbhundertheconditionsused.Thiscould
easilyresultfromsample-to-samplevariabilitywhichhasbeenshownto
be quitelargead whichledto therangeofpredictedtimesforthese
tests.Thedeviationfromthepredictedtimesdoesnotappeartobe
random,however,butshowsthefollowingtrends:
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(1) Overhee,tiug
rupturetimeslonger
postulatedabove.

(2)Overheating

19

to 1,6000or1,650°F resulted in every case in
thantheaveragepredictedfromthedamageformula

to 1,800°F alwaysresultedina rupturetimewhich
waslessthanthepredictedaverage.

Theseuniformdeviationsfromthecalculatedaveragetimessuggest
thatoneorbothofthedamagefactorsintheequationusedforthecal-
culationis influencedby thetestingtechniquesemployedinthisportion
ofthepresentinvestigation.Considerationofthesetwopossibilities
leadsto thefollowingcmclusions:

(1)Thestressdamagefactords is calculatedonthebasisofrup-
turetestsrunat theoverheattemperature.Checktestswererunat
1,800°F usingthegeneratortomaintaintemperaturein orderto deter-
mineanypossibleinfluenceof”heatingmethodonthetimeforrupture.
Thisworkindicatedthatno significantdifferenceinrupturetimefrom
thenormaltestresultscouldbe measuredwhichresultedfromtheuseof
resistanceheating.llizrthersubstantiationofthisconclusionwas
obtatiedby theoverheattestrunat 23,000psiandoverheatedcyclically
to 1,800°F underfullloaduntilruptureoccurred.Theconditionsof
thistestweresuchthatthetemperaturedamageccmponentwassmall.since
thelifewasusedup rapidlyby theoverheatsto l,~” F. Thistest
fracturedat thepointthatessentially100percentoftheavailable
ruptureHfe hadbeenusedupby overheating.Thestressdamge factor,
therefore,appearstobe reasonablyaccurate.

(2)Thetemperature-cyclingdamagefactm dt isevaluatedonthe
basisofthecyclicoverheatsintheabsenceof stresswhichwerecom-
pletedasthefirstpartofthistestingprogram.Theprecedingcon-
clusionsindicatethatdiscrepanciesnotedinthedatafromovegheats
understressmaybe attributableto”achangeintheresponseofthe
materialtotemperaturecyclinginthepresenceofa stress.Thedata
indicatethatoverheatingto 1,600°or1,6500F understress actually
resultsinan increasein life,whileoverheatingto 1,800°F forshort
timesresultsinmuchgreaterdamagethanwaspredictedfrm theover-
heatsintheabsenceof stress.Longertimesofoverheatingto l,~” F
didnotshowthistrend,indicatingthattheeffectof stressisnotso
greatwhenlongertotaltimeof overheatingis considered.

It shouldbe keptinmind,however,thattheaboveconclusions~
basedontrendsinthedatawhichwerelessthanthedifferenceswhich
canbe attributedtonormalscatter,althoughtheconsistentdeviations
obtaineddo indicatea positivecorrelation.
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Effecton creepcurvesofoverheatinginpresenceof stress.-The .
creepcurvesfromalltheoverheatsunderloadarepresentedinfigure15.
Thefollowinggeneralitiescanbe notedfromthisfi~e:

.
(1)Overheatingunderthefullloadto 1,600°or1,6500F (figs.L5(a)

and15(b))causedonlysmalldeviationsfromthecurveofa normalcreep-
rupturetestattheseinetemperatureandstress.

(2)A singleoverheatto 1,8CX)oF earlyinthetestunderthefull
load(fig.15(b))resultedin1.5-to 2-percentdeformationduringthe
2-minuteoverheat.Followingtheoverheat,thecreepcurvecontinued
ata ratesubstantiallygreaterthanthatfora normalcreeptest.

(3)Repeatedcyclingto 1,80U”F witktheloadreducedduringthe
overheats(fig.15(c))alsocauseda largedeviationfromthenormal
creepcurve.Theeffectbecamenoticeableafterthefirstfewcycles
andincreasedinmagnitudeasmorecycleswereapplied.

MicrostructuralEffects

Samplesrepresentingtheextremesofallconditionsoftestingand
overheatingusedinthisinvestigationwereselectedformetallographic
presentation.Thesestructuresareshowninfigures16to 20andindicate
thefollowinggeneralconclusions:

(1) Figures16 and17 showtheeffectonthecaststructureof
rupture-testingatthetemperaturesusedinthisinvestigation.Itcan
be seenthatfortestingatl,xOOF theprecipitationinitiatesaround
thealreadyexistingmassiveparticlesandbecomesmoredenseandwidely
spreadasthetimeat 1,500°F increases.Testingat l,&lO”and2,000°F
forthetimeperiodsshownapparentlyresultsinfewerthoughlargerpre-
cipitateparticles.

(2)Cyclicoverheatingt~ ruptureintheabsenceof stresswitha
stressof23,000psiatl,~” F resultedin shortertotaltimesat
1,500°F as theoverheattemperatureincreased.Themicrostructuredid
not,however,exhibitmuchchangeintheamountofprecipitationpres-
ent(figs.~8(a)to 18(d)).Overheatingto 2,000°F my haveresulted
inan increaseinthesizeofthemassivecarbides.This,however,
couldbe theresultofan initialdifferenceintheamountofmassive
carbidebetweenspecimens.

.

.

(3) Overheatiwin theabsenceof stressuntilruptureoccurredat
27,n0psiand1,500°F involvedmuchlesstimeatl,~” F betweenover-
heatcycles.Thestructures(figs.18(e)to 18(h))exhibitedfor’over- .
heatingtothehigheroverheattemperaturesappearquitesimilartothose

—
.
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. obtainedby rupture-testingatthese
thetimeat thehightemperaturemay
structure.

.

temperatures.This
havecontrolledthe

(4)Preheati~totheoverheattemera.tureandthen

21

indicatesthat
finalresulting

testingat
23,030~siandl,~” F resultedingen&allylargerprecipitant;psrti-
cles(fig.19)thanina specimenwhichhadbeencyclicallyoverheated
to thesanetemperatureandhadreceivedaboutthessmeexposure
at 1,~0°F.

(5)mcrostructuresofthefoursampleswhichweretestedat
24,OOOpsiandl,~” F andoverheatedto 1,800°F under15,500psi
twicea dayuntilruptureareshowninfigure20. Thesepicturespoint
up thedifficultyinmakinga quantitativeevaluationof structural
changesdueto overheatingthismaterial.Fairlywidedifferences
existfromsampleto sampleeventhougheachreceivedpracticallyidenti-
caltreatment.Thestructuresingenerala~ee withthoseobtainedfor
overheatingto 1,8000F intheabsenceof stress.

ComparativeEffectsofOverheatingonS-816sndHS-31Alloy

Fromtheviewpointofprobableresponseto overheating,ES-31and
s-816a~oys arestructural~simiI.ar.Thequalitativeinfluenceof

. overheatingons-E!L6alloy(ref.3)wascomparableinmostrespectswith
thatobtainedinthisinvestigation,aswouldbe expectedfromthissimi-
larity. Bothareausteniticessentiallycobaltbasealloyswhichappear
tobemainlydependentforhigh-te~eraturestrengthon volubilityof
odd-sizedatoms.Themajorprecipitateswhichformduringtestingare
~C andM@ typesof carbides.ThefactthatHS-31alloyisinvestment
castands-816alloyiswroughtdoesnotintroduceanythingfundamentally
differentintheire~cted responseto overheating.

Themajordifferencebetweenthetwoalloysfromtheviewpointof
possibleeffectsof overheatinginvolvesthecoluuibiuminS-816alloy.
Columbiummighthe expectedto formmorestablecarbidesandnitrides
thanthetungstenandchromium.

Thetwoalloysweregenerallyinfluencedinthesamewayby over-
heatingwiththefollowingexceptions:

(1)Themajordifferencebetweenthetwoalloyswastheabsenceof
an apparentsaturationeffectinHS-31alloybeyondwhichfurtherover-
heatingintheabsenceof stressdidnotcauseincreaseddsmage.This
occurredinS-816whenoverheatedto 1,650°,l,~”, and2,030°F and. testedunderthestressnormallycausingruptureinl,W hoursat
1,500°F. HS-31alloy,however,wasapparentlyapproachingthiscon-
ditionwhenov’erheatedto2,~oF (fig.7(d)).
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(2)InS-816alloy,whenoverheatswerestoppedafter
amountofoverheating,therewasno decreaseincreeprate

thesaturation .
asthetests

werecontinued.This-wasnotfoundinHS-31alloy,presumablybecause
therewasno saturationeffect.Theonlycasewherecreepratesdidnot .

decreaseaftera limitednuniberofoverheatsonHS-31alloyoccurredwhen
testsat27,000psiwereoverheateduntilthetotaldeformationattained
exceededthatatwhichsecond-stagecreepoccurredina normalcreeptest.

(3)ThemajorstructuraldifferencebetweenS-816andHS-31alloys
asa resultof overheatingwasthereductioningeneralprecipitation
inS-816alloywhenoverheatedto1,9000and2,0000F. Therewaslittle
evidenceofthisinHS-31alloy.PresumablythecolunibiuminS-816alloy
causedthecarbonandnitrogennormallyforminggeneralprecipitatesto
transferduringoverheatingtothemassivecolumbiumcarbonitridesi.n
thestructureofS-816alloy.Theabsenceof sucha strongcarbide
formeras columbiuminHS-31alloyapparentlypreventedthis.The
strengthdata,however,indicatethattheformationandagglomeration
ofgeneral.precip~bteswasSustaseffectiveinreducingthestrength
ofHS-31alloy.

ComparisonoftherelativeabilitiesofS-816andHS-31alloysto
withstandoverheatingis somewhatdifficulttopresentclearly.This
stemsmainlyfromthedifferencesinstrengthbetweenthetwoalloys.
Comparisonsaresomewhatfurthercomplicatedby theinadvertentdiffer-
encesinnormalrupturetimesbetweenthetwoalloys.Theslopesof
thestress-rupturetimecurveswerealsodifferent,resultingina varia-

.

tionbetweentheeffectonrupturetimeandonrupturestrength.The
followingobservationscanbemade:

(1)Continuedcyclicoverheatinguntilfractureat 1,500°F with
thestressremovedduringoverheatsgenerallyreducedtherupture
strengthofHS-31alloymorethanthatofS-816alloy:

Strengths,psi,at
overheattemp.,OF,of-

None 1,650 1,m 1,900 2,000

100-hrrupturestrength
HS-31alloy 27,300 26,@o 26,000 24,8oo 23,600
S-816alloy 21,500 21,5Ca 20,m 2Q,000 18,300

1,000-hrrupturestrengbh
HS-31alloy 22,200 21,500 19,100 18,~ 17,000
S-816alloy 16,500 16,000 14,m 13,830 13,MO

ii

.



NACATN 4083 23

. (2)Thehfluenceofa limited.numberofoverheatshasconsiderably
morepracticalsignificancethanthelargem.uiberof overheatsinvolved
inthedatadiscussedintheprecedingparagraph.Thepercentageloss

-1 inlifeforthevariousoverheatconditionscarriedoutwiththestress
removedduringoverheatsiscomparedinfigure21 forthetwoalloys.
Fortestsoverheatedevery5 hours,HS-31alloywasdsmagedmoreseverely
forallamountsof overheatingtotemperaturesupto 1,900°F thanwas
thes-f3L6alloy.At 2,000°F therea~earedtobe littlesignificant
differenceintheresponseofthetwouterials.Fortestsoverheated
every12hours,no detectabledifferencecouldbe observedforoverheat
timesuptoabout5 minutes.Beyondthistime,exceptforoverheatsto
1,6500F, untilsaturationwasreached&&6 showedgreaterdamagethan
HS-31alloy. Aftersaturationwasattain~thecurvescrossand
HS-31alloywasdamagedmoreseverely.It shouldbe clearlyrecognized
thatHS-31alloyhadhigherstren@hthanS-816alloysothatitremdned
strongereventhoughrupturetimewasreducedby a greaterfraction.

(3) ThelOSS in lifefrcmoverheatinginthepresenceof stressfor
thetwoalloysisdependentontherelativeratesatwhichrupturelife
isusedup forthetwoalloysattheoverheattemperatures.Thecompara-
tivedataon stressagainstrupturetimeforthetwoalloysat1;500°F
endtheoverheattemperaturesareshownbyfigure22. Therelativeposi-
tionsofthecurvesshowthatas thetemperatureof overheatingis
increased,s-816fallsoffmoreinrelativeload-carryingabilitythan
HS-31alloy.At theshorttimeperiodswhichwouldbe ofinterestin. overheats,thereislittledifferencebetweenthetwoalloysat1,650°F.
However,HS-31alloyisas strongat 2,00@F asS-816alloyisat
1,900°F.

Thesedatahavebeenreplottedinfigure23to showtherelative
strengthsat specificoverheattemperatures.Foranygiventemperature
ofoverheating,theamountofdamagefromoverheatingcambe estimated
as thepercentageoftotaltimeforruptureatthestressoperating.
AgainthisshowsthatS-816alloyfallsoffinabilitytowithstand
overheatingunderstressas comparedwithHS-31alloyasthetempera-
tureincreasesandthestressdecreases.

(4)Thedataindicatethatforbothalloysthetotaleffectofan
overheatcanbe computedby coribiningthetemperatureandstressdamages.
S-816alloywaslesssusceptibletotemperaturedamge andmoresuscep-
tibleto stressdamagethsmwasHS-31alloy.l%us,fora givenamount
ofoverheating,thenetdifferenceoftheabilityofthetwoalloysto
withstandoverheatingwillbe reduced.However,stressdanmgeis so
muchlargerthantemperaturedamageforanyappreciablestress,
HS-31alloywouldbetterwithstandoverheating.
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MechanismofDamge PromOverheating *

Thedatashowthatincreasingamountsof overheatingandincreasing. temperatureofoverheatingupto2,0000 F p-rogressivel.yreducerupture M
lifeat1,500° F. Thedamageappearsto consist of two components:
(1) Dsnagedueto structuralalterationsa=a resultof“beingexposed
to thehighertemperatures,and(2)rateatwhichcreep-rupturelifeis
usedupwhenstressispresentduringan overheat.Theonlyexception
tothesegeneralitieswasthepossibleslightincreaseinruptuxelife
fromlimitedoverheatsto1,650°and1,800°F intheabsenceof stress.

Thedamagedueto thepresenceof stressduringan overheatappesrs
tobe simplya caseofusinguptheavail.a%lerupturelifeby creep.
Thereasonablesuccessobtainedin determiningrupturelifeby adding
rupture-lifefractionsindicatesthatthereisno greatdifferencein
themechanismbywhichcreeplifeisusedupforES-31alloyoverthe
overheattemperaturerangeconsideredint%einvestigation.

Themechanismfortemperaturedamageislesscertain.Froma micro-
structuralviewpoint,thealloymainlysh~;edagglomerationofgeneral
precipitateswhichformduringtestinginHS-31alloyasa resultof
overheating.Theobserveddifferenceswere,however,hardlysufficient
to accountforthelossesinstrengthmeasured.Inmanyrespects,the
patternofeffectsofoverheatingon stren@hsuggeststhatan overaging
reactionofsomesortwasoccurringduringtheoverheats.Experience
inattemptingto interpretsucheffectsinheat-resistingalloysstrongly “
suggeststhata submicroscopicstren@heningreactioninvolvinginter-
stitialelementssuchas carbonandnitrogenwasdestrayedby theover-
heating.The,strengthinginvolvedinlimitedheatingto 1,6500or -

.

1,800°F occurredbecausethisoverheatinghelpedtoagethesubmicro-
scopicreactiontowardsan optimumcondition.

Thepossibleeffectsofrecoveryfromstrain-hardeningcannotbe
eliminatedasa factoronthebasisofthedataforHS-31alloy.In
thecaseofS-816”alloy(ref.3)theattainmentofsaturationbeyond
whichadditionaloverheatinghadnoeffectseemedto eliminaterecovery
asmuchofa factor.TheabsenceofthisinHS-31alloyallowsthe
possibilityofrecoveryasa factor.Overheatingseemedtoreduce
creeprateveryearlyinthetests.However,creepratedidnotfall
offwithtimeas ina constant-temperaturetest.Theesrlyreduction
increepratecouldnotbe duetorecoveryeffects.Thelackofa
decreaseincreepratewithtimeandvirliialdisappearanceofa second-
stagecreepcouldbe duetoeitheroveragingorrecoveryorboth.As
isthecaseforS-816alloythereisno clear-cutcaseforrecovery,
withtheprobabilitythatsometypeofoveragingisthepredominant
factor.

.
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Interpretation of Results in Term of Overheating

in (%S Turbines

a gasturbine,overheatingcouldoccurat anytimeinthecreep-
Iifeofthemetal.presumably,themuiberofoverheatswould
verylimitedinnuuiber.Thefollowingreasmingthencouldbe
analyzetheprobableeffectofanyspecificcase:

(1)An overheatearlyinthelifeoftheturbinecouldbe evaluated .
fromthedatapresentedinthisreport.

(2)Thelongertheservicebeforeoverheatingoccurred,theless
thetotalservicelifewouldbe affectedbecauseonlytheremaininglife
wouldbe chsmged.Possiblytheremaininglifewouldbe reducedby about
thessmepercentageas is indicatedby thedatainthisrepat forover-
heatingearlyintherupturelife.Thelittledataavailableondelayed
overheatstendto supportthispossibility.

(3)Limitedoverheatsof2-minutedurationearlyin creep-rupture
lifeofHS-31alloywouldreducelifeat 1,500°F by temperaturedamage
as follows:

Rupturetime,hr,at l,5CK)”F
Overheat understressnormallycausing

temperature, rupturein indicatedtime
% periods

100hr I 1,000hr
One2-reinoverheat

I,650 ;: 1,o%
1,800 1,030
1,900 93 9E!C)
2,000 87 700

Two2-reinoverheats
I,650 1,120
1,&Xl E 1,100
1,900 87 950
2,000 74 m

Five2-reinoverheats
1,650 87 1,100
1,E!@ 83 1, lml
1,900 67 850
2,000 9 283
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Itwillhe notedthatoneortwooverheatshaverelativelylittleeffect .
exceptat 2,000°F. Also,thepercentagelossincrea8eswiththenominal
rupturetime. Thus,iftheactualoperatingstressalloweda normalrup- .
turetimeof severalthousandhours,thenthereductioninlifewouldbe
morethanthepercentageindicatedby theabovefigures. .

Itwouldseemthatthemostseriousproblemfroma relativelyfew
overheatsinsofsras creep-rupturelifeisconcernedwouldbe a rather
hightemperatureorthepresenceofa relativelyhighstressduringan
overheat.

Reviewofthedatasuggeststhatinsofaras IE-31 alloy at 1,500° F
is concernedtheprobabili~isthata fewshort-durationoverheatswould
notinmostcasesdrasticallyreducerupturestrength.Thus,itisprob-
ablethatinmanycasesothereffectsofoverheating,suchasthermal
shockdamage,willbe farmoreimportantthantheeffectson creep-
ruptureproperties.

coW’WsIom

Thefollowingrestitsandconclusionswerederivedfroman investi-
gationof overheatingHS-31alloyto temperaturesof1,650°,1,800°,
1,900°,and2,~oF duringthecourseofrupturetestsat 1,500°F: .

1. Overheatingattemperaturesup to2,000°F reducedrupturelife
ofHS-31alloyat l,~” F. Thelossinlifeincreasedwithbothtem- .
peratureandaccumulatedtimeofoverheating.Theonlyexceptionwas
someincreaseinrupturelifefromlimitedoverheatingto 1,600°,1,6500,
and1,800°F intheabsenceof stress.

2.Thelossinrupturestrengtharisesfrombothalterationofthe
alloystructureby temperatureeffectsand,if stressispresent,by the
temperatureaccelerationof creep.Whenpresent,appreciablestress
duringoverheatingwouldbe thepredominantsourceofdamage.Evenvery
briefexposureat1,800°to 2,000°F underthestressesnormallycausing
rupturein100to 1,000hoursat 1,500°F wouldeitherexhausta large
proportionoftherupturelifeorcauseirmediaterupture.

3. Temperaturealonecanreducerupturetimesat 1,5~0F to a pro-
nouncedextent.Twooverheatsto 2,000°F of2-minutedurationwith
stressremovedreducedtherupturetimeat 1,5000F under23,000psi
froman averageof 68ohoursto*O hoursuTheeffectswerelessat
lowertemperatureswiththereductiontiomoverheatingat 1,6500F
hardlybeingsignificantforevena largenuder of suchoverheats.
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Thecombinedeffects of temperatureandcreep damagefor over-
in the presence of stress can be computedreasonablywell. The
life fromtemperaturecycling mustbe addedto the loss in life

w by creep.Estimationofthetemperaturedamagerequirespriormeasure-
mentoftheeffectof overheattemperatureonrupturetimeat 1,500°F.
Thecreepdamge canbe estimatedas thepercentoftotalavailable
rupturetimeat theoverheattemperaturerepresentedby theactualtime
at theoverheattemperature.

5.Temperaturealoneinducesinternalstructurechangeswhich
reducestrengthat 1,700°F. Twooverheatsof2-minutedurationreduced
therupturethe at ~,~” F for23,00Qpsias follows:

Overheat Rupturetimeat
temperature,%? 1,500°F, hr

None a6&
I,650 7&l
1,800 750
1,goo 645
2,000 340

aNomal rupturetest.
.

Thus,oneortwooverheatsbecomesignificantonlywhenthetemperature
is1,900°F orhigher.

6.MicrostructuralstudiesindicatedthatoverheatingHS-31alloy
intheten.peraturerangefrom1,650°to 2,000°F resultedinagglomera-
tionofgeneralprecipitateswhichformduringtestingat 1,~0° F.
Thisagglomeration,however,wasnotsufficienttoaccountforthepro-
nouncedlossin strengthwhichresultedfromoverheatingforshorttimes
to2,000°F. Thissuggeststhatthereisprobablya submicroscopic
coherentprecipitatecontaini~carbonand/ornitrogenwhichcontributes
tohighstrengthandthisisdestr~edby theoverheating.

7.Repeatedcyclicoverheatscausethetemperaturedamageto be
moreextensiveandto occurfasterthanheatingthetestmaterialto
thesametemperaturesbeforetesting.Consequently,overheatingbefore
testingcannotbe usedtopredicttemperaturedamagereliablyin
B-31 alloy.

8. A limited nmber of
rupturelife apparentlyhas
early in the test. Because

overheatsatanytimeduringthecreep-
aboutthesameeffectas iftheywereapplied
suchoverheatscanaffectonlythefuture
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life aftertheoverheat,theoveralllossinlifediminishesas over-
heatingisdelayedtowardtheendoftherupturetest.

UniversityofMichigan,
AnnArbor,Mich.,June1,1956.
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TABLErl.- CYCLICOVERHEATSINABSENCEOF

STRESSON SPECIMENSOFHS-31ALIQY

[Allcycleslasted2 rein]

Overheat, NumberRupturetime Elongation,Reductionofarea,‘Temperature,of
w cyclesHr Percent percent percent

680-hrrupturestressof23,000psi

l,qoo a74 097 131 14 7
a50 655 96 10 15

I,650 a42 50; 74 U
2 114 8 ;

1,800 a20 24o 35 16 28
14 %1 56 15 10
b4 416 61 E 14
4 805 U8 U 9

1,goo a16 187 28 16 23
b5 333 49 10 14
5 617 91 U 4

2,000 a10 120 18 10 7
5 157 10 U
3 225 % U 6
2 372 55 10 7

g4-hrrupturestressof27,500psi

1,650 a15 m 83 20 18
7 55 59 15 - lz

1,800 a13 68 18 13
7 61 g 18 7

1,900 a8 42 45 19 11
4 71 76 22 7

2,000 ‘7 37 111 8
3 % 72 15 15

aOverheatingcontinueduntilfailure.
b150hr beforefirstoverheat.
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TABLE111.-TESTSOFPREHEATEDSPECIMENSOFHS-31ALLOY

Preheatconditions Rupturetime
Elongation,Reductionofarea,

Temperature,Time,
Hr Percent

percent percent
min

Testsrunat 1,500°F and23,000psi

1,600 240 no 4
24o E w 4 f

1,800 20 355 52 4 10
40 282 42 17 15

1,900 534 14
$ 305 i; 10 :

2,m 5 ~ =8 9 11
15 508 75 13 13

Testsrunatl,wO°F and27,500psi
t

1,800 20 1~~ 203 U 7

l,~o 30 ‘38 40 22 14

.

.

.
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TABLEIv.- OWIRKIM!MUNDERUWlFORHS-31AU20Y

[Unlessotherwisenoted,alltestsrununder24,OOOpsi
at1,500°F with2-reinoverheatcyclesevery12ti]

1,600 a23,0m blc1

1,650 24,OOO33

1,800 24,OOO 1
1

d 23,000 9.5

15,500 13
15
15
15

Ruptur
time,
?lr

1,037
*

4SL

167
237

161
176
179
188

Elongation,
percent

6
8

14

17
21

a
19
19
14
17

Reductionofarea:
percent

7
14

4

18
18

43

47
w
8

19

%l?estrunat 23,mo psi throughout.

bSingle2-hrcycledelayed325hr.
cSingle2-hrcycledelayed145hr.
%&t runat 23,000psithroughoutwithoverheatcyclesevery

5 hr.
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2&ooo m m l,6m I,&x) 23,0@3 bm ml 645 1,520 1,037
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24,00) m 422 1,000 l,f@ *,CQ2 &i 5.2 1.5 a. la 2P 6$0 411

24,0(7) 220 4al l,WQ l,mo !a,fm 2 .* m & 172 Y50 m Ml
l,im 24,030 2 .24 ml 14 l’p Xkl w) 237
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24,0C0 ZOO 42fJ l,oca lJ?CO U,m >.5 w 7.9 95 W5 % til
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Figure1.-Photographshowingcreep-ruptureunitm@lfied
overheatingby resistanceheating.
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Figure14.- Effectof limitedoverheatingontimerequiredto reach
indicatedtotaldeformationat 1,~0°F and23,000psiforoverheats
tovarioustemperaturesinabsenceof stress.
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Figure14.- Concluded.
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Figure 15.- Comparativecreep curves at l,m” F and 23,000 and 24,oOO PSI for tests on specimens
overheated as indicated. 3
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Xloo X500

(a)Rupture-testedat 1,~“ F under~,000psi. Rupture
time,31hours.
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Xloo X500 L-57-4147
(b)Rupture-testedat1,~“ F under24,OCQpsi. Rupture

time,61ohours.

Figure17.- Effectofrupture-testingonmicrostructureof as-cast
specimen.
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Figure17.-
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(b) 20 overheatsto 1,&lOOF
at 24-0hours

X500
L-77-4149

every 12 hours. Specimenrun to rupture
under23,000-psi stress.

Figure18.- Effect of cyclic overheatinguntil rupture on microstructure
of spectiens tested at l,~” F and23,000snd 27,m0 psi. Stress
removedduring2-minuteoverheatcycles every 5 or 12 hours.
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Figure18.- @ntinu*”



.

9

NACATN4083 71

Xloo
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Figure18.- Continued.
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(b) Preheated15 minutesto 2,000° F. Rupturethe, X8 hews.

Figure19.- Effect of preheatingon microstructureof ssmplestested at
l,~”” F snd 23,000pSi.
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Figure20.- ~fect of cyclic overheatingto 1>~“ F ~der 15)xOS~~~~~
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Figure 20.- Concluded.

.,



76 NACATN4Ci33

40

20

0

Material Stress, Normal Rupture
psi Life, hr

HS-31 27,500 94
.— - S-816 22,000 94

I lJ3~O”F I I
I

I !

\ l\
I 1

ttr’t’tw=is

I 12JIO0.F.+%W I

=
o 20 40 60 80 100 120
I 1 I I I I I 1 T -_ T

Fraction of normal rupture life, percmt

(a)Testsoverheated2 minutesinabsenceof stressevery5 hours.

‘E I
Material Stre8s, Normal Rupture

DSi Life, hr I

) lb. LOO I/. lu K 1 I

).4
. HS-31 23;000 680

S-814
., --- ---- 1

j
---

w
% 80
S

\
$ 1 \
m I
$) IId

j 60 1

.,.!
%

I
;
3
~ 40
f 1
$0 s
‘o$ I
~ 20

/ I

5u
2

0
0 20 40

Fractionofnormalrupturelife,percent

(b)Testsoverheated2 minutesin absenceof stress every 12 hours.

Figure21.- Comparisonfor IIS-31andS-81.6alloys of effect of amount
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